Canine distemper virus (CDV) causes a life-threatening disease in several carnivores including domestic dogs. Recently, we identified a molecule, CD9, a member of the tetraspan transmembrane protein family, which facilitates, and antibodies to which inhibit, the infection of tissue culture cells with CDV (strain Onderstepoort). Here we describe that an anti-CD9 monoclonal antibody (MAb K41) did not interfere with binding of CDV to cells and uptake of virus. In addition, in single-step growth experiments, MAb K41 did not induce differences in the levels of viral mRNA and proteins. However, the virus release of syncytium-forming strains of CDV, the virus-induced cell-cell fusion in lytically infected cultures, and the cell-cell fusion of uninfected with persistently CDV-infected HeLa cells were strongly inhibited by MAb K41. These data indicate that anti-CD9 antibodies selectively block virus-induced cell-cell fusion, whereas virus-cell fusion is not affected.
Canine distemper virus (CDV) causes in carnivores (canines, felids, ferrets, raccoons, and seals) a highly contagious disease with many similarities to human measles but also with a significant difference, as it is much more neurotropic and causes acute encephalitis in about half of the infected animals (2, 22) . The disease is characterized by fever, coryza, conjunctivitis, gastroenteritis, and pneumonitis. The mortality rates following CDV infection vary with the host species, ranging from 0% in domestic cats to approximately 50% in domestic dogs and 100% in ferrets. Encephalomyelitis is the most common cause of death of CDV-infected animals (2, 40, 43) . In dogs, CDV infection results in a progressive demyelinating encephalomyelitis, probably due to a bystander mechanism in which macrophages play an important role (46) . The onset of encephalitis appears to be influenced by humoral immune responses to CDV (33) . Canine distemper is also associated with transient immunosuppression that may result in significant morbidity and mortality through opportunistic infections (6, 19) .
The cellular receptor for CDV is not known. It has been shown by complementation analysis with the help of recombinant envelope proteins of CDV and measles virus MV that the CDV H protein is responsible for the selective tropism of CDV in cell culture (39) . Human-mouse somatic cell hybrids were used to demonstrate that human chromosome 19 encodes a CDV receptor on human cells (39) . Recently, we obtained a monoclonal antibody (MAb K41) which was able to inhibit CDV infection and found that it recognizes the tetraspan transmembrane (TM4) protein CD9 (21) , the gene of which is localized on human chromosome 12 (4, 5) . However, direct binding of CDV to CD9 could not be demonstrated, suggesting that CD9 is not a receptor for CDV.
CD9 has also been discussed as a possible cellular receptor for feline immunodeficiency virus (FIV) (44) , and a different member of the TM4 superfamily, C33 (CD82), was found to be involved in syncytium formation by human T-cell leukemia virus type 1 (HTLV-1) (14) . Similar to our findings, direct binding of neither FIV to feline CD9 nor HTLV-1 to CD82 was demonstrated, suggesting again indirect functions of these two members of the TM4 family in virus replication and spread. Recently it was found that infection of cells with FIV is inhibited by antibodies to CD9 in a step occurring after virus uptake (9, 45) . The authors suggested that FIV release is affected by anti-CD9 antibodies. In the present study, we investigated which step of CDV infection is impaired by anti-CD9 antibodies and found that virus release and virus-induced cell-cell fusion by syncytium-inducing strains is selectively inhibited, whereas virus-cell fusion is not affected.
MATERIALS AND METHODS

Propagation of cells and canine distemper virus strains.
The cell lines HeLa (human cervix carcinoma; ATCC CCL 2) and Vero (African green monkey; ATCC CRL 6318) were cultured in minimal essential medium containing 10% fetal calf serum, penicillin, and streptomycin. Primary dog brain cell cultures (DBCC) were grown on poly-L-lysine-coated glass coverslips as described elsewhere (49) . These cultures contain predominantly astrocytes and can be maintained for several months.
CDV strains Onderstepoort (large-and small-plaque variants OND-LP and OND-SP) and Rockborn (RB), a dog isolate from Belfast (Dog/NI) (22) , and strains A75/17-V (wild-type A75/17 adapted to growth in Vero cells), BUS (Bussel), and HAN2544/95 (a gift from L. Haas and V. von Messling, Tierärz-tliche Hochschule, Hannover, Germany) were propagated using Vero cells. Briefly, Vero cells in minimal essential medium containing 5% fetal calf serum were infected at a multiplicity of infection (MOI) of 0.01 at 37°C and incubated at 37°C for 3 to 5 days, depending on when the optimal titer of infectious CDV was produced. CDV was harvested by one cycle of freezing-thawing and centrifugation at 200 ϫ g for 10 min to remove cell debris and then stored at Ϫ70°C. The CDV wild-type isolate A75/17 (a gift from M. Appel, Cornell University, Ithaca, N.Y.) was propagated in specific-pathogen-free dogs (Federal Institute of Virus Diseases and Immune Prophylaxis, Mittelhäusern, Switzerland) as described elsewhere (49) . Lymphoid tissue from these dogs containing large quantities of virus was homogenized and frozen in aliquots at Ϫ70°C until used.
Antibodies, fluorescent dyes, and FIP. Mouse anti-CD9 MAb K41 was raised against cell surface epitopes by inoculating BALB/c mice intraperitoneally with Vero cells (21) . MAb 8D1, against the CDV H protein, was produced in our laboratory. Hybridoma cells were grown in RPMI 1640 medium, and MAbs were purified by protein G affinity chromatography. The dog polyclonal anti-CDV hyperimmune serum was a gift from M. Appel. Secondary antibodies (goat anti-mouse and anti-dog, both conjugated to fluorescein isothiocyanate [FITC]) were obtained from Dako and Immunotech. The fluorescent dyes rhodamine R18 (for staining of the membrane) and calcein (for cytoplasmic staining) were purchased from Molecular Probes; the dye Hoechst H33258, for staining DNA, was purchased from Sigma. The fusion-inhibiting peptide (FIP) Z-D-Phe-L-PheGly-OH (9, 25) was purchased from Bachem (Bubendorf, Switzerland).
Virus-cell binding assay and flow cytometry. Similar MOIs or amounts of proteins of virus preparations of various strains of CDV were used in the virus-cell binding assays. The MOIs were determined according to titration on Vero cells. Cells (2 ϫ 10 4 in 100 l of phosphate-buffered saline [PBS] ) were incubated at 4°C for 2 h with virus at a given MOI or amount of viral protein, washed with FACS (fluorescence activated cell sorting) buffer (PBS containing 0.4% bovine serum albumin and 0.02% sodium azide), and incubated with polyclonal dog anti-CDV serum and FITC-conjugated goat anti-dog antibodies. The amount of bound virus was determined by flow cytometry.
Flow cytometric analyses were performed as described elsewhere (35) . Briefly, 
Virus uptake assay by reverse transcription-PCR (RT-PCR).
Cells were infected with various MOIs of CDV for 1 h in the absence or presence of anti-CD9 antibodies. After infection, cells were washed once with an acidic buffer (0.14 M NaCl, 1 mg of bovine serum albumin/ml, 8 mM glycine [pH 2.5]) to destroy viral particles attached to the outside of the cells and twice with PBS. RNA was prepared (Qiagen RNA preparation kit), and 3 g each used for reverse transcription and subsequent PCR. Primers were chosen to be specific for the viral genome spanning a region of 1,027 nucleotides (nt) between the fusion (F) and hemagglutinin (H) genes (forward primer, 5Ј AGG TAC AAA CTT AGG GAA CGC 3Ј; reverse primer, 5Ј AAA CTT TGC CTA CTG AAG TAG 3Ј). The universal morbillivirus primers spanning a region of 429 nt in the phosphoprotein (3) were also used.
RNA isolation and Northern blotting. Vero cells (5 ϫ 10 6 ) were lysed in situ by 4 M guanidinium isothiocyanate buffer (5 ml), and total cellular RNA was purified using an RNA purification kit (Qiagen). Total RNA was separated on 1.5% agarose gels containing 6.3% formaldehyde, blotted on Hybond-N filters (Amersham), and cross-linked with UV light (0.6 J/cm 2 ). The hybridization probe for CDV N (nucleocapsid) was an 800-bp fragment of CDV N cloned in pBR322. For control of intact RNA, the 1.4-kb PstI fragment of rat glyceraldehyde 3-phosphate dehydrogenase (GAPDH) cDNA was used. The hybridization probes were radioactively labeled with [ 32 P]dCTP, using a random prime labeling kit (Boehringer Mannheim). Blots were exposed to a screen for qualitative and quantitative evaluation with a PhosphorImager (Molecular Dynamics). For radioimmunoprecipitation (RIPA), the cells were dissolved in 1ϫ RIPA-det (150 mM NaCl, 10 mM Tris, 0.1% sodium dodecyl sulfate [SDS], 1% sodium deoxycholate, 1% Triton X-100). CDVspecific proteins were precipitated with polyclonal dog hyperimmune serum (3 l/well) and precipitated with protein A-Sepharose (Pharmacia) as described elsewhere (33) . Proteins were then separated by SDS-10% polyacrylamide gel electrophoresis. The gels were dryed and exposed to a PhosphorImager screen, and the signals were detected with a PhosphorImager (Molecular Dynamics).
RESULTS
Binding to and uptake of CDV by target cells is not altered by anti-CD9 antibodies. The influence of CD9 antibodies on the binding of CDV to Vero cells was measured by flow cytometry. As found earlier, pretreatment of cells with anti-CD9 MAb K41 at a concentration of 15 g/ml inhibits plaque for- mation by 80 to 99%. To determine the effect of MAb K41 on virus binding, we incubated Vero cells with a saturating concentration of K41 (50 g/ml) for 1 h prior to incubation with CDV (MOIs of 5 to 10) for 1 h at 0°C. Bound CDV (strain OND-LP) was then detected using a polyclonal serum against CDV (Fig. 1A) , and the mean fluorescence intensities of the signals in the absence and presence of K41 were compared (Fig. 1B) . MAb K41 had no influence on the binding of viral particles to the cells. Similar results were obtained with CDV strains OND-SP, RB, Dog/NI, and A75/17-V (not shown). Thus, the attachment of CDV particles to the target cells is not inhibited by antibodies to CD9.
The uptake of CDV by Vero cells was measured by RT-PCR with primers amplifying a 1,027-nt region spanning the region between and parts of the F and H genes. The orientation of the primers was chosen to detect genomic viral RNAs. To achieve semiquantitative results, Vero cells were infected with decreasing MOIs of CDV (1, 0.5, 0.1, 0.05, and 0.01) in the absence or presence of MAb K41. After 2 h, cells were washed once with an acidic buffer destroying residual virus and twice with PBS. Total cellular RNA was isolated (Fig. 1D) , and RT-PCR was performed with the F/H primers. Signals were similar in the absence (Fig. 1C, lanes 1 to 5) and presence (lanes 6 to 10) of MAb K41. In a control experiment, cells were incubated with CDV at MOIs of 3 and 1 at 4°C (lanes 13 and 14) and at 37°C (lanes 15 and 16) for 2 h and washed with the acidic buffer and PBS. This control shows that only at 37°C a substantial amount of virus is taken up by the cells and is detected by RT-PCR. Similar results were obtained with primers (3) for the viral phosphoprotein (not shown).
Anti-CD9 antibodies inhibit the CDV-production in a step after the uptake of virus. Since the uptake of virus is not blocked, we investigated whether MAb K41 can exert its inhibitory effect only before or also after infection of cells. We treated Vero cells with MAb K41 at 1 h before and 1 h after the infection with CDV strain OND-SP (MOI of 0.01). The duration of the treatment was 1 h in each case. Cell-associated and cell-free virus was then isolated and titrated up to 72 h postinfection (hpi). Regardless of when MAb K41 was added to the cells (even at 16 hpi [not shown]) there was always a considerable reduction in syncytium formation and virus production. Cell-associated virus was reduced approximately 10-fold between 16 and 48 h pi, with a smaller reduction at later time points (Fig. 2A) . Virus in the supernatant was reduced approximately 30-fold up to 60 hpi (Fig. 2B) . At 72 hpi, the titer in mock-treated cells had already dropped due to the exhaustive formation of syncytia, whereas titers of K41-treated cultures continued to increase. These results indicate that (i) a short (1-h) transient treatment of the cells with MAb K41 is sufficient to exert the inhibitory effect and (ii) anti-CD9 antibodies are effective in a step after the uptake of virus.
We titrated the yield of cell-associated and cell-free virus also under conditions of a single-step growth kinetic (infection of cells at an MOI of 3 [ Fig. 2C and D] ). In this case, the 
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on October 30, 2017 by guest http://jvi.asm.org/ amount of cell-associated virus was not significantly reduced in the presence of MAb K41, whereas the virus titer in the supernatant was reduced by a factor of 5 to 10. Under these single-step growth conditions, we found again a strong effect of MAb K41 on syncytium formation in the cultures (Fig. 2D ). In the presence of MAb K41, syncytium formation started later and the plaque area in the cultures was reduced by 75 to 90% after 30 to 48 hpi. These data indicate that the anti-CD9 antibody simultaneously induces a reduction in plaque area (cell-cell fusion) and of virus release. Viral mRNA and protein levels in single-step growth kinetics are not affected by anti-CD9 antibodies. To investigate a possible direct effect of MAb K41 on viral mRNA synthesis, we isolated viral mRNAs 6 and 12 h after infection of cells with CDV strain OND-SP (MOI of 0.5) in the presence and absence of K41. Northern blots of the RNA samples were hybridized with probes for CDV N and GAPDH as control for the amount of intact RNA (Fig. 3A and B) . The signals were quantified with a PhosphorImager and expressed as the CDV N/GAPDH signal ratio (Fig. 3C) . There was no detectable direct influence of anti-CD9 antibodies on viral mRNA synthesis. (Fig. 4) . The viral proteins were synthesized at all time points without any significant effect of the CD9 antibody up to 30 hpi. In addition, processing of the viral proteins, including the cleavage of F0 to F1 and F2, appeared to be fully functional in the presence of K41.
Inhibition of CDV-induced cell-cell fusion by anti-CD9 antibodies. We described earlier that MAb K41 strongly inhibits the formation of large syncytia in CDV-infected cell cultures (21) . Here we mixed uninfected with persistently CDV-infected HeLa cells in the absence or presence of MAb K41 in order to specifically measure the effect of K41 on the virally induced cell-cell fusion. A neutralizing anti-CDV H MAb was used as a control. For early time points, uninfected cells were In the case of cell-cell fusion, the color of growing syncytia changes from green to orange (D, arrows). In the presence of K41, only a few small syncytia are observed after 10 h (E, arrows). In the presence of anti-CDV H, cell-cell fusion is completely inhibited (F). (G to L) To visualize larger syncytia at later time points, the nuclei of uninfected cells were labeled with Hoechst H33258 (blue), and infected cells were labeled with rhodamine R18 plus calcein (yellow). Large syncytia are formed in the absence of antibodies and turn red (J). In the presence of K41, small syncytia develop (K), whereas in the presence of anti-CDV H, only single persistently infected cells are present and cell-cell fusion is completely blocked (L).
labeled with rhodamine R18 and infected cells were labeled with calcein, and the extent of membrane mixing (hemifusion) and complete fusion was observed in a fluorescence microscope (Fig. 5A to F) . Hemifusion was always followed by complete cell-cell fusion. In case of cell-cell fusion, the color of syncytia turns to orange (Fig. 5D ). In the presence of K41, only a few small syncytia were observed after 10 h (Fig. 5E ). In the presence of the neutralizing antibody against CDV H, cell-cell fusion was completely inhibited after 10 h (Fig. 5F, I, and L) . Since the dyes calcein and R18 cannot be distinguished later than 16 hpi, we used other dyes for later time points. The nuclei of uninfected cells were then labeled with Hoechst H33258, and infected cells were labeled with rhodamine R18 plus calcein (Fig. 5G to L) . In the absence of antibodies, large syncytia were formed and stained red (Fig. 5J) . The size of syncytia between uninfected and persistently CDV-infected HeLa cells was strongly reduced by MAb K41 (Fig. 5K) . The effect of K41 is clearly different from the effect of anti-CDV H, which completely blocked fusion (Fig. 5L) . Since small syncytia are formed in the presence of K41, these findings indicate that the main effect of the anti-CD9 antibody is not to inhibit syncytium formation completely but to reduce the speed of the syncytium formation.
Inhibition of the CDV-induced cell-cell fusion indirectly reduces viral mRNA levels at later times after infection. When the cell-cell fusion is reduced by anti-CD9 antibodies, a similar effect should be observed when fusion is inhibited by other means such as the FIP Z-D-Phe-L-Phe-Gly-OH). To analyze how the inhibition of the cell-cell fusion influences viral mRNA levels in the culture, cells were infected with CDV strain OND-SP at a low MOI of 0.1, and viral RNA levels were compared at times after infection when syncytia are formed. In contrast to the conditions presented in Fig. 4 (high MOI) , the virus growth in culture now depended on cell-to-cell spread. MAb K41 alone, FIP alone, or a combination of K41 and FIP was added to the cultures at 12 hpi, to allow similar growth of virus in the cultures up to this time point. Total RNA was isolated 6, 12, 18, and 24 hpi. CDV N and GAPDH signals were quantified with a PhosphorImager (Fig. 6 ). Under these conditions, the viral N mRNA levels were reduced in the presence of K41 by 55 and 50% at 18 and 24 hpi, respectively, and in the presence of 200 M FIP alone by approximately 30% (Fig. 6, lanes 7 and 9) . In the presence of both FIP and K41, the N mRNA levels were reduced by approximately 50% (Fig. 6, lanes 8 and 10) . Since there is no additive effect of FIP and K41 on the reduction of viral mRNA synthesis, we conclude that the observed reduction of mRNA levels at later time points after infection is an indirect effect of the inhibition of cell-cell fusion and virus spread by syncytium formation in the tissue culture.
The inhibitory effect of anti-CD9 antibodies is CDV strain dependent. Using Vero cells, CDV strains OND-SP, OND-LP, and BUS and the Vero cell-adapted wild-type strain A75/17-V form readily visible syncytia after approximately 20 hpi. In contrast, CDV strains RB, Dog/NI, and HAN2544/95 do not form syncytia. At late times of infection, RB can induce the formation of small plaques. Analyzing the infection of Vero cells with the various CDV strains in the presence and absence of MAb K41, we found that the spread of all syncytium-inducing CDV strains was drastically inhibited by MAb K41, whereas spread in the culture and the virus yield of non-syncytiuminducing CDV strains were not affected. Nucleocapsid expression in cells infected with CDV strain RB in the absence or presence of MAb K41 is shown as an example (Fig. 7) . We obtained similar results using the dog brain-propagated wild-type isolate A75/17, the envelope proteins of which are considerably different from those of OND (7) . The initial spread of A75/17 in DBCC is not associated with a cytopathic effect. Although MAb K41 recognized its antigen on DBCC as efficiently as on Vero cells, the spread of CDV strain A75/17 in these primary DBCC was not inhibited by K41 (not shown).
DISCUSSION
Cell-to-cell spread of virus in infected tissues as well as in tissue culture depends on the capacity of the virus to induce membrane fusion mechanisms overcoming the natural barriers between cells. Nonviral proteins in the host cell membrane are essential for successful fusion events. Recently, we described that infection of Vero cell cultures with CDV strain OND is drastically inhibited by antibodies to CD9 (21). Here we determined the step at which virus spread and production are inhibited. We found that neither virus uptake nor viral mRNA or protein levels are directly affected by anti-CD9 antibodies. Also, the processing of viral proteins including cleavage of the F protein and surface expression of viral proteins appeared to be normal. However, what is drastically affected by MAb K41 is syncytium formation in infected cultures and virus release. In an assay of fusion of uninfected with persistently infected HeLa cells, we found that MAb K41 directly impaired CDVinduced cell-cell fusion. The reductions of virus yield and of viral mRNA levels observed late after infection in the presence of MAb K41 were similar to those observed in the presence of a FIP and therefore most likely are a secondary effect of the inhibition of syncytium formation. From these data, we conclude that antibodies against CD9 specifically inhibit CDVinduced cell-cell fusion but not virus-cell fusion. Cell-to-cell spread of MV, most likely involving localized fusion events at cell contact points, was demonstrated in vivo and in tissue culture (1, 10, 12, 24, 25, 42) and recently in real time in human astrocytoma cells, using a recombinant virus expressing the enhanced green fluorescent protein (11). Johnston et al. showed that cell tropism and the type of cytopathic effect of MV strains in tissue culture is governed by both the H and F proteins of MV, on the level of receptor usage (18) . These experiments also indicated that cell-to-cell spread and infection of cells with extracellular virus are differentially regulated steps dependent on certain combinations of viral envelope proteins and cell surface molecules.
Interesting cell surface proteins which play a role in cell-cell fusion induced by viruses have been identified as fusion regulation protein 1 (FRP-1) and FRP-2. These proteins were initially found with MAbs stimulating Newcastle disease virus-induced cell-cell fusion and recognizing 80-and 135-kDa proteins, respectively (15, 16, 27) . Interestingly, antibodies to FRP-1 stimulate Newcastle disease virus-induced and inhibit parainfluenza virus type 2-induced cell fusion (29) . Recent data indicate that human immunodeficiency virus (HIV)-induced cell fusion is also regulated by FRP-1, integrins, and the activation of tyrosine kinases (28, 41) and that HIV DNA may also spread from cell to cell in a CD4-independent way via apoptotic bodies (38) . In parallel, syncytium formation of HTLV-1 is regulated in a cell-type-specific manner by ICAM-1, ICAM-3, and VCAM-1 and can be inhibited by antibodies to integrin ␤2 or ␤7 (8). Thus, cell-to-cell spread of viruses is an important mechanism observed in a variety of viral diseases, contributing considerably to pathogenesis especially in infections affecting the central nervous system, such as poliovirus, herpesviruses, HIV, HTLV, and MV. Since the involved cell surface molecules are usually excluded from the viral membranes during budding, they are not involved in virus-cell fusion, which clearly distinguishes virus-cell fusion mechanistically from virusinduced cell fusion.
Among the known functions of CD9 is the activation of platelet aggregation (13, 20) . Several molecules are involved in this process: CD9, the Fc␥RII receptor, and the platelet integrins ␣IIb␤3 (GPIIbIIIa or CD41 [17, 37] ). CD9 is also known to participate in adhesive and migratory events via integrins of the ␤1 family, especially the ␣4␤1 and ␣5␤1 integrins (34) . So far there is no experimental evidence that one of these integrins is involved in CDV-induced cell-cell fusion. It has been reported that several signal transduction pathways are affected by antibodies against CD9 (30, 31, 47, 48) , that small G proteins are associated with CD9 (36) , and that the binding activity of integrins is regulated by CD9 (23) . Therefore, it is possible that antibodies to CD9 might regulate other proteins not identical with the directly associated integrins which may bind CDV or are involved in membrane fusion. The identification of such proteins and mechanisms of cell-cell fusion in contrast to virus-cell fusion requires further investigations.
